When some strains of Azotobacter are grown on a butanol-salts medium, the vegetative cells round up and eventually form a layered outer coat which is separated from the central body by an inner space filled with polysaccharide material. During normal germination of cysts, the central body elongates and pushes through the cyst coat. This occurs 4 to 8 hr after cysts are placed in a growth medium. The cysts can be artificially ruptured by the addition of ethylenediaminetetraacetic acid (EDTA). Within 2 min, the cyst coat breaks, freeing the still rounded central body. Socolofsky and Wyss (9) found that cysts ruptured with EDTA in the presence of tris-(hydroxymethyl)aminomethane (Tris) buffer failed to grow in Burk's medium, and the addition of various enrichments did not remedy the defect. Cysts ruptured in a medium of high osmotic pressure, such as 0.5 M sucrose or lactose, maintained a more vigorous oxidation of ethyl alcohol and butanol in the presence of MgSO4, but the released central bodies still failed to grow. It now appears that this was not due to an unusual fragility of the central body, but rather to the unfortunate choice of Tris buffer, to which Azotobacter cells are surprisingly sensitive in the presence of EDTA. The buffer is used often with Azotobacter cells, and no, previous evidence of toxicity has been noticed. EDTA has also been used widely in nitrogen-free Azotobacter media. This lethal effect of the EDTA-Tris combination was investigated. ' Present address: Baylor University Medical School, Houston, Tex.
MATERIALS AND METHODS
A. vinlandli strain 12837 was cultured on a modified Burk's nitrogen-free mineral salts medium (2) adjusted to pH 7.6 and containing per liter: K2HP04, 0.8 g; KH2PO4, 0.2 g; MgS04-7H20, 0.2 g; CaS04. 2H20, 0.1 g; FeC12-4H20, 0.003 g; NaMoO4 2H20, 0.001 g; and MnCl2-4H20, 0.01 g. To produce cysts, 0.2% butanol and 2.5% agar were added to this basal medium, and 100% encystment resulted in 4 days. The vegetative cells used in these experiments were from a 24-hr culture grown on the same medium. Survival was determined by plate counts on agar plates in which was poured a thin underlayer of Burk's salts medium plus 0.5% casein hydrolysate; after this hardened, a thick overlayer of the usual plating medium of 0.5% sucrose in Burk's salts was introduced. The sucrose and butanol were sterilized separately and added aseptically to the rest of the medium. Azotobacter cells or cysts were scraped from the agar, resuspended in the various diluents, and washed three times by centrifugation. The cells were resuspended at a level of about 107 cells per milliliter. The chelating agents and the Tris buffer were dissolved in distilled water and the pH was adjusted to 8.0. Cyst rupture was determined by phase-contrast microscopy (9).
RESULTS
Cell death and cyst rupture. When Repaske's (8) EDTA-Tris mixture (25 mnim Tris and 0.25 mM EDTA) was applied to vegetative cells, less than 0.1 % of the cells survived an exposure of 4 mi at room temperature (Table 1 ). Yet vegetative cells were not killed when exposed to EDTA in water, saline, or Burk's medium. Cysts could be ruptured by EDTA in distilled water or in the presence of Tris. When salts were present, the The exposure to saline appears to have surrounded the cells with an ionic barrier which prevented the EDTA-Tris from reacting with the cell until the salt diffused away after the transfer of the cells into Tris. A briefer exposure to 0.15 M saline (the time involved in harvesting and washing) prevents cyst rupture, but does not prevent killing by the EDTA-Tris complex. Hence, the action of EDTA in rupturing cysts can be separated from its lethal effect when combined with Tris. Rupture, but not killing, is inhibited in the presence of 0.15 M NaCl (line 5, Table 1 ).
Samples of treated and untreated cysts were collected from these experiments, quantitatively transferred to graphite cups, and turned over to a competent analytical laboratory for examination for metals. The density of specific spectral lines, obtained by emission spectrography, indicated (3) . Hence, in the presence of NaCl, the weaker complexes should dissociate first.
Tris substitutes. Chaberek and Martell (3) showed how ammonia, amino acids, and other amines form homologues with EDTA that are more stable with regard to metallo-complexes than is EDTA alone. Since ammonia and the amines also form complexes with metals, the additional smaller chelate rings which are formed within the parent structure by these donors tend to stabilize the structures of the larger chelate rings. For example, the stability constant of Ca with EDTA is 3.5, compared with 10.5 with an EDTA-(CH2)n homologue.
If the mechanism of the EDTA-Tris toxicity involves formation of a homologue which can more readily remove and withhold essential metals from the cell, other nontoxic nitrogen compounds should also be toxic in the presence of EDTA. As can be seen in Table 3 Divalent cations added to the reaction mixture before addition of the cells can give complete protection. The effects of various concentrations of CaCl2 on cyst rupture and survival are presented in Fig. 2 . Apparently the added calcium in the reaction mixture is chelated before the cell metals are attacked, thus exerting a "sparing" action on the organisms. The EDTA-water sys- tem is not particularly toxic; Mg+ was the only cation that our spectrographic measurements showed to be removed from the cyst. The cystrupture curve (curve 4) breaks sharply at 1:1 molar ratio of calcium-EDTA. With the EDTATris system, however, several metals are removed from the cells. There is a 10-fold increase in survival between Ca-EDTA ratios of 0.25 and 0.75 (curve 1). Yet the cyst rupture curve levels off at a molar ratio between 2 and 3 (curve 2).
Tris concentration. The effect of the concentration of Tris on survival with 1 mm EDTA is plotted in Fig. 3 . There is a threshold in this concentration curve; at molar ratios of Tris-EDTA of less than 0.5 there is no toxicity. As the ratio is increased to 2:1, the killing increases markedly. The toxicity continues to rise even as the ratio approaches 100:1 (the ratio used in most of our experiments). Tris is itself a chelating agent, and the displacement of line 2 in Fig. 2 shows that the excess Tris reduces the free calcium content and its effectiveness in preventing cyst rupture. The lack of toxicity of EDTA itself requires an explanation, since compounds are present in the Azotobacter cells which should form toxic combinations according to the results in Table 3 . Figure 3 , however, shows that a distinct threshold concentration of Tris is needed before a toxicity is exhibited. It may be assumed that the amount of free amino groups in the cells will be less than that represented by this threshold.
Albert (1) reported that EDTA cannot penetrate bacterial cells, and, consequently, it has no antibacterial activity. Azotobacter, in the presence of nitrogen compounds, is an exception, and Gray and Wilkinson (4) found a strain of Pseudomonas aeruginosa and one of Alcaligenes faecalis that, unlike most other gram-negative organisms, died rapidly in the presence of EDTA. Their unwashed suspensions were more sensitive than washed suspensions, and the EDTA-treated cells released intracellular solutes as if the structural integrity of the cell wall had been impaired. To determine the chemical basis for this unusual sensitivity, Gray and Wilkinson (5) analyzed cell walls and determined that the sensitive organisms differed from usual gram-negative strains principally in their sugar components and in their high content of phosphorus. Leive (6) found an impairment of the permeability barrier in Escherichia coli by EDTA, but the treated cells still grew at a normal rate. It is evident that this problem is complex, with the result depending on the preparation of the cells, the content of the suspending media, and the strain of organism. On the latter point, the authors, together with E.P. Goldschmidt, found male strains of E. coli to be much more sensitive to EDTA lethality than female strains; the results of that study are being prepared for publication.
